ABSTRACT: Terbuthylazine (TBA) is a widely used herbicide, and its heterogeneous reaction with OH radicals is important for assessing its potential to undergo atmospheric long-range transport and to affect the environment and public health. The apparent reaction rate coefficients obtained in different experimental investigations, however, vary by orders of magnitude depending on the applied experimental techniques and conditions. In this study, we used a kinetic multilayer model of aerosol chemistry with reversible surface adsorption and bulk diffusion (KM-SUB) in combination with a Monte Carlo genetic algorithm to simulate the measured decay rates of TBA. Two experimental data sets available from different studies can be described with a consistent set of kinetic parameters resolving the interplay of chemical reaction, mass transport, and shielding effects. Our study suggests that mass transport and shielding effects can substantially extend the atmospheric lifetime of reactive pesticides from a few days to weeks, with strong implications for long-range transport and potential health effects of these substances.
■ INTRODUCTION
Chemical transformation of pesticides in the atmosphere due to photolysis and by reactions with oxidants such as hydroxyl radicals, nitrate radicals, and ozone impacts their atmospheric lifetimes and their effects on the environment and public health. 1−4 OH radicals play a critical role in oxidizing organic compounds in the atmosphere, and gas-phase reactions of pesticides with OH radicals are relatively well understood. 5 Heterogeneous and multiphase reactions of OH are also important pathways for degrading organic compounds in the atmosphere, but an experimental investigation of OH uptake and reactions is a challenging task. 6−10 Consequently, heterogeneous loss of herbicides and other pesticides by OH radicals are so far poorly characterized and quantified. 11, 12 A lack of understanding of their reactivity in the particulate phase causes high uncertainty in the evaluation of their fate in the atmosphere.
Terbuthylazine (TBA) is a semivolatile herbicide, which is used in over 45 countries to prevent and control the growth of grasses, mosses, and weeds in agriculture, forestry, gardens, and other outdoor environments. TBA can be emitted in the atmosphere by different processes such as spray drift, volatilization, wind erosion, and dispersion. TBA has a low vapor pressure (0.15 mPa at 298 K), a high octanol-air partitioning coefficient (log K oa = 9.03 13 ), and has been measured at high concentrations (from 23 to 118 pg m −3 ) mostly on coarse particles near application areas, 14, 15 and also far from sources such as over the North Sea. 16 TBA is known to induce high long-term risks for mammals, aquatic organisms, nontarget plants, and earthworms 17 and can have genotoxic effects (DNA damage and cancer). 18, 19 Indeed, studies in aquatic organisms found that the toxic mechanism of TBA may include induction of oxidative stress and accumulation of reactive oxygen species in the cell. 20, 21 Oxidation of TBA yields acetyl and desethyl products which have the potential to be toxic as well. 22 It is therefore necessary to understand the lifetime and chemical transformation of TBA in the atmosphere.
The reaction rate constant of TBA with OH in the gas phase was estimated by the Atmospheric Oxidation Program (AOP; USEPA, 2012) as ∼9.5 × 10 −12 cm 3 s
, leading to a lifetime of about 2.4 days in the gas phase at an OH concentration of 5 × 10 5 cm −3 . 23 The heterogeneous reactivity of TBA with OH radicals has so far been investigated in three different peer-reviewed studies, two studies by Palm et al., 22, 24 and a study by Pflieger et al. 25 Palm et al. 22 determined an effective second-order rate coefficient between gas-phase OH radicals and TBA adsorbed on silica particles (Aerosil 200) as 1. . This high value was confirmed by a second study by Palm et al. 24 However, Pflieger et al. 25 determined a rate coefficient which was 2 orders of magnitude lower. The second-order rate coefficient of TBA with OH radicals determined by these studies are therefore not in agreement, leading to uncertainty in predictions of the atmospheric fate of TBA. Moreover, TBA was used as a reference compound in some studies for the determination of heterogeneous kinetics of pesticides toward OH radicals, and thus uncertainty in the TBA rate constant will also lead to large errors in the rate constants of other pesticides that react with the OH radical. 26−29 Therefore, it is important to resolve the discrepancies between different experimental studies and to determine kinetic parameters that support a mechanistic understanding and reliable calculation of the lifetime and transport of TBA, as well as other semivolatile pesticides in the atmosphere.
Methods and Data. We used a kinetic multilayer model of aerosol chemistry with reversible surface adsorption and bulk diffusion (KM-SUB) 30, 31 in combination with a Monte Carlo genetic algorithm 32 to simulate the TBA decay rates observed in two experimental studies. The model is based on fundamental physical and chemical processes (e.g., adsorption/desorption, bulk diffusion, reaction kinetics, etc.), enabling an in-depth understanding of the importance of the different processes controlling the concentrations of species and extrapolation to ambient conditions for estimating atmospheric fate of TBA.
The study of Palm et al. 22 was performed in an aerosol smog chamber, and it was reported that TBA was adsorbed on silica particles (Aerosil 200) at a concentration of less than one monolayer, as shown in Figure 1 . In reality, these silica particles formed agglomerates as shown in the electron microscope image of such particles in Figure S1 of the Supporting Information, SI. This image shows that the agglomerates are highly porous, indicating that OH radicals can efficiently penetrate these agglomerates by rapid gas-phase diffusion. In the model, we thus assumed single particles for the Palm experiments, and that only a negligible OH radical concentration gradient would be expected across the agglomerate, with both silica particles on the edge and in the center of the agglomerate being exposed to the same concentration of OH radicals. However, if in reality there was a large OH gradient across the agglomerate, then the effective rate coefficient would be underestimated and mass diffusion limitations would play a role, as will be discussed in further detail in the Results and Discussion section. We have used the data of TBA decay rates with OH radicals generated by photolysis of O 3 or H 2 O 2 . 22 In the experiments of Pflieger et al.,
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R812 silica particles were coated onto the walls of a flow reactor. Pflieger et al. 25 reported that the surface coverage of TBA on the surface of the R812 silica particles was below a monolayer ( Figure 1) .
The kinetic multilayer model of aerosol surface and bulk chemistry (KM-SUB) 31 was applied to the experimental data of Palm et al. 22 and Pflieger et al. 25 KM-SUB treats reversible adsorption, surface and bulk reactions, and diffusion in the gasphase and in the bulk material. For the Palm et al. data the TBA on the particle surface was treated as a submonolayer, and the model did not include processes in the bulk of the particle, as the silica core of the particle is a solid with no possible diffusion. The reaction of OH radicals with the silica surface or with reaction products is assumed to be negligible. However, note that a background was subtracted for the data of Palm et al. 22 which corresponds to a rate constant for the loss processes not initialized by OH radicals, such as evaporation of TBA. 22 For the Pflieger data, the silica particles and pesticide coating on the flow tube walls were treated as a quasi-homogeneously mixed thin film, with an identical concentration of TBA in each layer of the bulk. Note that in reality the bulk is an agglomerate of silica particles deposited in a flow tube (multilayers of silica particles). The effective bulk TBA concentration was calculated from the amount of TBA deposited on the silica particles and from the volume of the silica particles which was estimated as ∼5 × 10 17 cm −3 . The total thickness of the coating on the walls of the flow reactor, which encompasses both TBA and silica particles, was estimated to be about 1.9 μm. Kinetic limitations of gas-phase diffusion of OH radicals to the surface of the flow tube are negligible under experimental conditions, as described by Pflieger et al. (2013) 25 and thus neglected in the model. Note that only one data point is available in the Pflieger data and fitting to this data is associated with larger uncertainty.
As summarized in Table 1 , the kinetic model parameters include the surface accommodation coefficient, desorption lifetime and partitioning coefficient of OH, bulk diffusion coefficients of OH and TBA, and second-order rate coefficients for surface and bulk reactions between OH and TBA. The Monte Carlo Genetic Algorithm (MCGA) 32 was applied for simultaneously fitting the kinetic models to the experimental data and determining the unprescribed kinetic parameters listed in Table  1 . The MCGA method consists of two steps; a Monte Carlo step and a genetic algorithm step. During the Monte Carlo step the parameters are randomly varied over a range of values and the residue between the model result and the experimental data is determined for each parameter set. During the genetic algorithm step, the best parameter sets are optimized using the processes known from natural evolution of survival, recombination and mutation. 32 Based on previous studies, the surface accommodation coefficient and desorption lifetime of OH were fixed at 1 and 10 −9 s, respectively. 33−35 The gas-particle partitioning coefficient was set to a value which is within the range of OH Henry's law coefficients that have been reported in the literature (K OH = 0.029 mol cm
). 36,37 D OH , D TBA , K OH , and k br,OH were fixed to zero for the Palm et al. data due to the lack of a bulk into which OH radicals could diffuse. D TBA was fixed to zero for the Pflieger et al. experiments, assuming that TBA is adsorbed on the silica particles at a concentration corresponding to less than one monolayer. Table S1 . Some of the parameters were found to be codependent or nonorthogonal with other parameters (i.e., a change in one parameter could lead to the same model output if another parameter was also changed), 38 and thus the values cannot be determined with certainty, as discussed below. The value of the bulk rate coefficient, k br,OH , was determined to be insensitive when modeling the Pflieger et al. experiments and was assumed to a value which is consistent with the high reactivity of OH radicals (k br,OH = 1 × 10 −14 cm 3 s
−1
).
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It should also be noted that reactions of OH with the desethyl and acetyl products 22 were not treated in the model as calculations performed using the AOP model (USEPA, 2012) suggested these to be relatively slow compared to the reaction of OH with TBA. The acetyl and desethyl products have a similar structure and molecular weight to TBA and were therefore assumed to be nonvolatile and to have a negligible impact on the bulk viscosity in accordance with the conclusions of a recent study. 39 Furthermore, experimental measurements of the evolution of the products over time would have been required to implement a more complex mechanism in the model. The addition of a more complex mechanism in the model could have caused the parameters in Table 1 to slightly change for the Pflieger data, as more species would have reduced the bulk concentration of OH. Figure 2 shows the first-order decay rate coefficient of TBA (k 1 ) as a function of gas-phase OH concentrations for the two data sets taken from Palm et al. 22 and Pflieger et al. 25 The two data sets can be described by a simple second-order rate equation. The different slopes, however, correspond to apparent second-order rate coefficients that deviate by more than 1 order of magnitude with calculated values of 1.4 × 10 −13 cm 3 s −1 and 8.7 × 10 −12 cm 3 s −1 . With the kinetic multilayer model and simulating a mechanism of reversible surface adsorption and bulk diffusion, however, we are able to fit the two data sets and explain the observed experimental results with a consistent set of fundamental kinetic parameters as shown in Table 1 . The consistent model results and kinetic parameters obtained for the different experimental studies and conditions suggest that the deviating apparent second-order rate coefficients are due to the interplay of mass transport and chemical reaction at the surface and in the bulk of the investigated particles. Rate-limiting effects of diffusion lead to an effective shielding of TBA molecules in the bulk. These rate-limiting effects of diffusion can explain the strong deviations of the apparent rate coefficients for Palm et al. 22 to Pflieger et al. 25 In the Palm study, the TBA surface coverage on the investigated aerosol particles was less than a monolayer, which means that all molecules are directly accessible to adsorbing OH radicals and leads to a high decay rate controlled by the surface adsorption and reaction rate coefficients. However, in the Pflieger study, where the OH radicals need to diffuse through a flow tube wall coating of TBA on tightly packed silica particles, strong shielding effects were observed. OH radicals would first react with TBA adsorbed onto the higher layers of the silica particles, thereby reducing the OH concentration in the lower layers and leading to a decrease in the loss rate of TBA in these layers.
■ RESULTS AND DISCUSSION
The mechanism, leading to the different apparent rate coefficients between gas-phase OH radicals and particulatephase TBA, was further explored by sensitivity tests as summarized in Table S1 . These studies showed that for the Palm et al. data, the surface accommodation coefficient (α s,0,OH ), desorption lifetime (τ d,OH ), and the second-order rate coefficient for the surface layer reaction (k slr,OH ) are sensitive, suggesting that the limiting process for the degradation of TBA was the chemical reaction at the surface. 40 For the Pflieger data, τ d,OH and k slr,OH are insensitive and α s,0,OH is also insensitive when the value is above 0.05. This insensitivity for parameters describing surface processes confirms that the reaction of TBA is dominated by bulk processes, as also confirmed by the high sensitivity of D OH and K OH . While silica particles used in the Palm study are likely to be Table  1) . The different slopes correspond to different apparent second order rate coefficients (k 2 ) that are due to the interplay of mass transport limitations and shielding effects in a wall surface coating, which is thicker than one monolayer (Pflieger et al.) .
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Sensitivity studies for the Palm data show that τ d,OH and k slr,OH are mutually interdependent and exhibit a tight inverse correlation as shown in Figure 3 . This is in agreement with the modeling results of Arangio et al. 34 for OH uptake by levoglucosan and abietic acid with a very similar slope. Different combinations of τ d,OH and k slr,OH , which span 7 orders of magnitude, can be used to reproduce the experimental data. Molecular dynamic simulations suggest that τ d,OH for physisorbed OH radicals should be on the order of nanoseconds. 33 For τ d,OH ≈ 1 ns we obtain k slr,OH ≈ 7 × 10 −7 cm 2 s −1 , as listed in Table 1 . For the Pflieger et al. data, the relationship between τ d,OH and k slr,OH was more complex due to the model outputs being sensitive to the bulk processes.
The uptake coefficient of OH (γ OH ) after a reaction time of one second was modeled to be 0.07 and 0.003 for the Palm et al. and Pflieger et al. data, respectively. γ OH was lower for Pflieger et al. 25 due to the lower TBA concentrations on the surface and in the bulk, leading to less reactive loss of OH in the bulk. For the two data sets, values of γ OH are predicted to decrease over time, as the degradation of TBA adsorbed on the surface and in the bulk decreases leading to less reaction with OH radicals. Figure 4 shows the modeled chemical half-life of TBA in the particle phase as a function of different numbers of TBA layers for atmospherically relevant gas-phase OH concentrations in the range of 10 5 − 2 × 10 7 cm −3
. 43,44 TBA particle mixing ratios up to 2 μg (g PM) −1 in coarse and up to 0.3 μg (g PM) −1 in submicrometer particles have been reported off application areas, 45 which corresponds to less than 1, but up to ∼0.1 monolayer on the particle surface. For a single or less than monolayer of TBA and at a typical atmospheric OH concentration of 1 × 10 6 cm −3
, the chemical half-life of TBA is predicted to be approximately 1 day.
The observations of TBA mixing ratios close to sources were about a factor of ∼50 higher than those off application ares. 15 Moreover, El Masri et al. 46 have previously shown that although the concentration of the pesticide chlorpyrifos ethyl should also be below one monolayer on atmospheric particles, it can form "heaps" on sand particles thereby extending its lifetime in the atmosphere. Gas-particle partitioning of pesticides including TBA is well predictable assuming absorptive partitioning into octanol. 45, 47 Therefore, particulate phase pesticides are most likely components of organic phases, which can be liquid or amorphous (semi)solid depending on relative humidity and temperature. 48, 49 To assess potential effects of multilayer coatings or an embedding of TBA in an organic phase, estimates of the chemical half-life were also calculated for coating thicknesses of 5 layers (green lines) and 10 layers (red lines) assuming different phase states and characteristic bulk diffusion coefficients: 36 ). The lifetime of TBA depends strongly on the number of layers of TBA on particles and the organic phase state. If the coating thickness increases up to 10 molecular layers, then the TBA halflife increases to ∼40 h, ∼4 days, and more than 10 days for a liquid, semisolid or amorphous solid organic phase, respectively, due to kinetic limitations by bulk diffusion of OH and TBA molecules. The differences between the liquid, semisolid, and solid phases can be explained by calculating the reacto-diffusive length (l = (D OH /(k br,OH [TBA])) 1/2 ), which is the average traveling distance of OH in the bulk before reacting. 50 l is initially ∼6, ∼0.6, and ∼0.06 nm for a liquid, semisolid, and solid bulk, respectively. These values are consistent with recent studies of OH uptake by organic aerosol surfaces, which found that they are in the range of ∼1−10 nm depending on the phase state. 9, 51, 52 These values of l indicate that the reaction will occur close to the surface for an amorphous solid or semisolid phase, but can occur throughout the bulk for a liquid phase, thereby decreasing the chemical half-life.
Our results suggest that mass transport limitations can be important for the atmospheric lifetime and, hence, long-range transport potential of semivolatile organics of similar reactivity, molecular size, and polarity to TBA. Carbamates, thiophosphoric acid esters, phenols, and anilines are substances which usually have a similar molecular size and polarity as TBA and are prominent among currently used pesticides. 53 The lifetime of particulate phase pesticides will depend on the atmospheric . relative humidity, which can lead to a change in the phase of these mixtures, the thickness of these layers, as well as the reactivity of the pesticide and the other organic species. Chemical aging of organic compounds can be limited by bulk diffusion if pesticides are embedded in an organic phase, as also recently demonstrated by a number of studies. 8,9,36,39,54−59 Moreover, the actual morphology, mixing, and phase state may depend on the type of particle that the pesticide is adsorbing to. Further experimental and field studies are required to fully understand and quantify the morphology, mixing and phase state of pesticides in atmospheric aerosols, and how much shielding effects actually extend the lifetime of pesticides under atmospheric conditions. ■ ASSOCIATED CONTENT 
